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Studies of the relation between polyunsaturated fatty acids and risk of atrial fibrillation have
been inconclusive. The risk of atrial fibrillation may depend on the interaction between n-3
and n-6 polyunsaturated fatty acids as both types of fatty acids are involved in the regulation
of systemic inflammation.
Objective
We investigated the association between dietary intake of long chain polyunsaturated fatty
acids (individually and in combination) and the risk of atrial fibrillation with focus on potential
interaction between the two types of polyunsaturated fatty acids.
Design
The risk of atrial fibrillation in the Diet, Cancer and Health Cohort was analyzed using the
pseudo-observation method to explore cumulative risks on an additive scale providing risk
differences. Dietary intake of long chain polyunsaturated fatty acids was assessed by food
frequency questionnaires. The main analyses were adjusted for the dietary intake of n-3 α-
linolenic acid and n-6 linoleic acid to account for endogenous synthesis of long chain polyun-
saturated fatty acids. Interaction was assessed as deviation from additivity of absolute asso-
ciation measures (risk differences).
Results
Cumulative risks in 15-year age periods were estimated in three strata of the cohort (N =
54,737). No associations between intake of n-3 or n-6 long chain polyunsaturated fatty acids
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and atrial fibrillation were found, neither when analyzed separately as primary exposures
nor when interaction between n-3 and n-6 long chain polyunsaturated fatty acids was
explored.
Conclusion
This study suggests no association between intake of long chain polyunsaturated fatty acids
and risk of atrial fibrillation.
Introduction
Atrial fibrillation (AF) is characterized by an irregular electrical activity of the atria leading to
disturbed coordination of electric impulses from the atria to the ventricles and thereby reduc-
ing the ventricular pump function.
AF is the most common cardiac arrhythmia with a prevalence that increases with age to
ultimately affect at least 8% of those older than 80 years [1]. AF patients have a substantially
elevated risk of stroke and premature death [2] and often a reduced quality of life due to car-
diac symptoms like palpitations, dyspnea and reduced working capacity [3]. AF is a multi-
factorial disease with several contributing risk factors including other cardiac conditions,
heredity, age, obesity, extreme physical activity, alcohol intake, and various comorbidities [4].
Systemic inflammation has also been suggested to be associated with AF [4–6]. Thus, studies
have shown that the serum levels of C-reactive protein, tumor necrosis factor-α and interleu-
kin 6, all markers of systemic inflammation, are higher among patients with AF compared
with controls [6, 7]. These findings were supported by a meta-analysis [8] which concluded
that C-reactive protein and interleukin 6 were positively associated with risk of AF in the gen-
eral population.
Systemic inflammation is partly regulated by a group of lipid signaling molecules, the eicos-
anoids and docosanoids, which are synthesized from long chain polyunsaturated fatty acids
(LC-PUFAs). Thus, these mediators of inflammation may be a possible link between PUFAs
and the risk of AF. PUFAs comprise two main families, the n-3 PUFAs and the n-6 PUFAs,
with subtypes of varying carbon chain length (mainly C18-C22) and degree of unsaturation.
The n-3 LC-PUFAs (C20-C22) are obtained directly from the diet (primarily through seafood)
and by endogenous synthesis from the plant derived n-3 PUFA α-linolenic acid (α-LA) which
to a limited extent can be metabolized to LC-PUFAs, mainly eicosapentaenoic acid (EPA) [9].
In a similar way, the n-6 LC-PUFA arachidonic acid (AA) is synthesized by conversion of lino-
leic acid (LA) [9, 10]. After incorporation into cells and tissues, the LC-PUFAs can be further
metabolized into eicosanoids and docosanoids in metabolic pathways catalyzed by shared
enzymes. Bioavailability of n-3 LC-PUFAs affects the amount of n-6 derived mediators, and
competition between the two LC-PUFA families regarding the synthesis of the mediators has
been observed [11]. In general, the n-6 derived mediators are more pro-inflammatory than the
n-3 derived ones [12]. This suggests that possible inflammatory effects due to the intake of n-3
PUFAs may be affected by the intake of n-6 PUFAs and vice versa.
Epidemiologic and clinical studies of the association between n-3 LC-PUFAs and risk of AF
have shown divergent results [13, 14]. When focusing on cohort studies of fish or n-3 LC-PU-
FAs obtained from the diet and AF occurring without prior cardiovascular surgery, findings
have also been mixed, although the majority of studies have shown no association [15–21]. To
our knowledge, no studies of n-6 PUFAs and AF risk have been published. Further, in a recent
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Cochrane review of the role of n-6 PUFAs in the primary prevention of cardiovascular disease
including AF [22], no studies with AF as outcome were included.
The overall aim of the present work was to study the association between LC-PUFAs and
risk of AF. With respect to incident AF, we explored the individual associations for the n-3
and n-6 LC PUFAs as well as their potential interaction.
Methods
Study population
The data source for this study was the Danish Diet, Cancer and Health cohort which has
been described in detail elsewhere [23]. This cohort contains data from 57,053 participants
born in Denmark and living in the urban areas of Copenhagen and Aarhus at enrolment.
Participants were enrolled from December 1993 to May 1997 when they were between 50
and 65 years old. The participants gave informed written consent including permission for
prospective data collection from national registries. In the present study, participants with
AF, atrial flutter (AFL), myocardial infarction, heart failure or cancer before recruitment
were excluded. The participants gave informed written consent including permission for
prospective data collection from national registries. The Diet, Cancer, and Health cohort
study has been approved by the Health Research Ethics, the Capital Region of Denmark and
the Danish Data Protection Agency.
Baseline information, exposure and outcome assessment
At baseline, the participants filled in a detailed, previously validated, semi-quantitative food
frequency questionnaire (FFQ) with 192 items including 24 questions regarding intake of fish
and food products containing fish. This information was used to calculate the intake of fatty
acids by use of Danish food composition tables and the software FoodCalc [24] For this study,
intake information for the following n-3 PUFAs was calculated: α-LA (18:3), EPA (20:5), DPA
(22:5) and DHA (22:6). For n-6 PUFAs, LA (18:2) and AA (20:4) were calculated. Additionally,
the participants answered questions about health, lifestyle, and medications. In order to mini-
mize errors, an interviewer reviewed the questionnaires together with the participant at the
baseline visit [23]. The outcome, denoted AF throughout this article, was incident AF and/or
AFL during follow-up without preceding myocardial infarction or heart failure. Relevant diag-
noses were extracted from the Danish National Patient Registry by cross-linking civil registra-
tion numbers. The diagnoses were recorded using the Eighth International Classification of
Diseases (ICD-8) until the end of 1993 (AF (427.93) and AFL (427.94) in the Danish version
which is equivalent to AF or AFL (427.4) in the international version). From January 1994, the
ICD-10 classification was used with the diagnosis of AF and/or AFL (I.48).
Statistical analysis
Data were analyzed as time-to-event data using the pseudo-observation method [25]. In order
to estimate cumulative risks in age periods, age was chosen as the underlying time scale. The
risk of AF was analyzed in three separate strata based on baseline age tertiles. The three strata
resulted in three15-year age periods for cumulative risk: age 50–65, age 55–70 and age 60–75
years. The decision of estimating cumulative risk in different (partly overlapping) age periods
was based on biological arguments. Age is a strong risk factor for AF[1], pointing at changes of
the underlying biology with age. So, in order to minimize the presence of different biological
mechanisms in the same analyses, separate risk estimates for different age groups seemed rea-
sonable. The specific choice of 15-year age frames was determined by the follow-up time in the
Dietary n-3 and n-6 polyunsaturated fatty acids and risk of atrial fibrillation
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cohort. Participants entered the cohort at baseline and were followed until emigration, myo-
cardial infarction, heart failure, death, AF diagnosis, administrative end of follow-up on
December 30, 2009, or to the age of the upper age frame (age 65, 70, and 75 years respectively
for stratum 1, 2, and 3). We prioritized to end the observation time by the end of 2009 to limit
the time distance between sampling of exposure information and end of follow-up. At that
point in time, the selected analysis age range (age 50–75 years) was covered adequately. Death,
myocardial infarction and heart failure during follow-up were treated as competing risks.
According to the complete-case approach and under the assumption of ‘missing completely at
random’, we excluded participants for whom data regarding one or more covariates were miss-
ing. The analyses were adjusted for baseline information about the following potential con-
founders selected a priori: sex, baseline age (as a proxy for time since sampling of exposure
variables), intake of fish oil capsules, smoking, alcohol intake, BMI, waist circumference,
angina pectoris, diabetes, intake of α-LA and LA. Continuous covariates were modeled as
restricted cubic splines with 3 knots (placed at the 10, 50 and 90 percentiles) [26]. Based on a
priori knowledge, we did not include any of the confounders as interaction terms in the model.
The intake of n-3 LC-PUFAs and n-6 LC-PUFAs was expressed in tertiles resulting in 9 expo-
sure groups in the interaction analysis. Association analyses were carried out with n-3 LC-PU-
FAs as primary exposure, n-6 LC-PUFAs as primary exposure, and the interaction between n-
3 and n-6 LC-PUFAs as main analyses. Low intake tertile groups were used as reference. We
analyzed data on an additive risk scale; hence, associations are expressed as risk differences
(RDs). Interaction was assessed as deviation from additivity of absolute measures of associa-
tion (risk differences).
The assumptions of strongly independent entry and censoring were checked, as were the
assumption of independency between distribution of entry time and covariates and the
assumption of independency between time of censoring and covariates. Data were analyzed
using Stata Statistical Software (Stata 13) [27].
Results
The final study population comprised 54,737 men and women aged 50 to 65 years at enrol-
ment. Due to cohort heterogeneity and violations of the assumptions behind the pseudo-
observation method, all analyses were carried out in three separate strata defined by baseline
tertiles of age and, consequently, three age frames for cumulative risks. Hence, strata-defined
study populations, strata 1, 2, and 3, consisted of 18,233, 18,202, and 18,258 participants (in
strata 2 and 3, 20 and 24 participants left the study before commencement of the observation
time at age 55 and 60 years, respectively) (Fig 1).
During follow-up, 2,274 participants within the selected age frames were diagnosed with
AF. A total of 337 participants were lost to follow-up due to emigration or change of personal
identification number, and 7,276 participants left the study due to competing risks (myocardial
infarction, heart failure or death). At the administrative end of follow-up on 30 December
2009, 18,598 participants were still at risk within the analysis age frames, while 26,208 partici-
pants reached the upper age frames specific for each stratum without any events (AF or com-
peting risks). The median follow-up time was 13.5 years. A summary of the distribution of
events for each stratum can be found in S1 Table. Baseline characteristics for each stratum are
presented in Table 1.
In all strata, cases had a higher median BMI and waist circumference and a higher intake of
alcohol compared with the total cohort. In general, a higher prevalence of comorbidity was
seen among cases. The distribution of LC-PUFA intake for each stratum is presented in
Dietary n-3 and n-6 polyunsaturated fatty acids and risk of atrial fibrillation
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Table 2. For n-3 LC-PUFAs, the median intake varied between strata. There were only minor
differences in the distribution of intake of n-6 LC-PUFAs between the different strata.
According to the CIs, no consistent nor statistically significant associations were found when
n-3 LC-PUFAs and n-6 LC-PUFAs were modeled as the primary exposure (Tables 3 and 4).
In Table 5, the RDs for the combined n-3/n-6 PUFA tertile analyses are shown with the low
intake n-3 and n-6 LC-PUFA tertiles as reference. It should be noted that the analyses were
Fig 1. Flowchart of the basic study population from the Diet, Cancer and Health cohort. AF: atrial fibrillation, AFL:
Atrial flutter, PUFA: polyunsaturated fatty acid.
https://doi.org/10.1371/journal.pone.0190262.g001
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performed for each stratum providing 3 parallel results which are all presented in the table.
Boldface states the magnitude of the interaction assessed as deviation from additivity of the
risk differences in the individual exposure groups. Thus, in the analysis of stratum 1, the
observed RD in the joint n-3 and n-6 LC-PUFA high intake tertile group (the participants that
belong to third intake tertile regarding both PUFAs) was 0.70 (−0.4, 1.8)% and the interaction
was assessed to 0.89 (−1.0, 2.7)% calculated as deviation of the observed 0.70% from the sum
of the RDs in the individual exposure groups (−0.19%, calculated as the sum of −0.56% and
0.37%). Consistent for all three strata, no substantial interaction between n-3 and n-6 LC-PU-
FAs was found (Table 5). The point estimates (RDs in percent) were close to zero, and all con-
fidence intervals included zero with no consistent direction of the point estimates.
Table 1. Baseline characteristics of the study population from the Diet, Cancer and Health cohort.
Characteristics STRATUM 1 (N = 18,233) STRATUM 2 (N = 18,202) STRATUM 3 (N = 18,258)
Cohort Cases Cohort Cases Cohort Cases
N 18233 487 18202 705 18258 1082
Baseline age (y) 51.8 (50.6, 53.3)a 51.8 (50.6, 53.2) 56.1 (54.1, 58.2) 56.1 (54.1, 58.2) 61.8 (59.3, 64.5) 61.8 (59.3, 64.4)
Sex
Men (%) 48.2 69.2 47.2 66.8 45.2 56.2
Women (%) 51.8 30.8 52.8 33.2 54.8 43.8
BMI (kg/m2) 25.3 (21.2, 31.0) 26.4 (21.8, 33.4) 25.5 (21.5, 31.0) 26.0 (22.0, 33.3) 25.8 (21.6, 31.3) 26.8 (22.2, 32.8)
Waist (cm) 88 (72, 104) 94 (75, 112) 88 (72, 105) 93 (76, 110) 89 (73, 105) 94 (76, 110)
Alcohol (g/day) 13.7 (1.8, 50.4) 17.9 (2.3, 65.3) 12.9 (1.6, 47.2) 16.2 (2.1, 60.8) 12.2 (1.4, 45.4) 15.3 (1.8, 56.3)
Smoking
Never (%) 37 36 37 32 33 33
Former (%) 26 24 27 31 32 33
Current < 15 CPD (%) 12 12 13 12 14 12
Current 15–25 CPD (%) 17 18 16 16 16 17
Current > 25 CPD (%) 8 10 7 9 5 5
Fish oil supplement (%) 13.2 13.1 17.1 18.3 19.9 18.5
Angina pectoris, self reported (%) 1.2 3.7 2.1 4.0 3.1 4.1
Diabetes, self reported (%) 1.5 2.3 1.9 1.8 2.7 3.8
Hypertension, self reported (%) 12.6 18.3 15.4 20.0 19.5 27.9
Intake of α-LA (g/day) 1.7 (1.0, 2.9) 1.8 (1.0, 3.2) 1.7 (1.0, 2.9) 1.8 (1.1, 3.0) 1.7 (1.0, 2.9) 1.7 (1.0, 2.9)
Intake of LA (g/day) 10.9 (6.2, 18.0) 11.4 (6.0, 19.1) 10.5 (6.0, 17.7) 10.9 (6.4, 18.9) 10.6 (6.1, 17.9) 10.5 (6.0, 18.1)
CPD: cigarettes per day, α-LA: α-linolenic acid, LA: linoleic acid
aMedian; 80% central range in parentheses (all such values)
https://doi.org/10.1371/journal.pone.0190262.t001
Table 2. Distribution of the dietary intake of n-3 and n-6 LC-PUFAs.
STRATAa
Stratum 1 Stratum 2 Stratum 3
(N = 18,233) (N = 18,202) (N = 18,258)
n-3 LC-PUFAs 0.59 (0.26, 1.18) 0.62 (0.28, 1.25) 0.67 (0.29, 1.34)
n-6 LC-PUFAs 0.10 (0.05, 0.18) 0.10 (0.05, 0.18) 0.10 (0.05, 0.17)
LC-PUFAs are given as median intake (g/d) with 80% central range in parentheses
aStratum 1, 2 and 3 were defined by baseline age tertiles
https://doi.org/10.1371/journal.pone.0190262.t002
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The absolute risks were estimated for male and female reference individuals from the first
LC-PUFA intake tertiles (Table 6), showing that, generally, the risk increased with age. The
higher risk according to age appeared later for women than for men. Also, male reference indi-
viduals appeared to be at higher risk compared with the female reference individuals.




Stratum 1 Stratum 2 Stratum 3
(age 50–65 y) (age 55–70 y) (age 60–75 y)
MODEL 1c 1 REF REF REF
2 0.07 (-0.5, 0.7) -0.26 (-1.0, 0.5) -0.90 (-1.8, 0.1)
3 0.45 (-0.2, 1.1) 0.33 (-0.5, 1.2) -0.25 (-1.2, 0.8)
MODEL 2d 1 REF REF REF
2 0.18 (-0.4, 0.8) -0.17 (-1.0, 0.6) -0.66 (-1.6, 0.3)
3 0.67 (-0.04, 1.4) 0.53 (-0.4, 1.4) 0.26 (-0.8, 1.3)
Risk of AF is given by age-specific cumulative risk differences (RD in %) with 95% CI in parentheses
aTertiles of intake of n-3 LC-PUFAs (EPA, DPA and DHA)
Category boundaries for the tertiles, T1-T3 (g/d):
Stratum 1, T1(0–0.46) T2(0.46–0.75) T3(0.75–5.28)
Stratum 2, T1(0–0.49) T2(0.49–0.79) T3(0.79–6.35)
Stratum 3, T1(0–0.52) T2(0.52–0.86) T3(0.86–7.22)
bStratum 1, 2 and 3 were defined by baseline age tertiles
cModel 1 included baseline age, sex, BMI, waist circumference, alcohol intake, smoking, fish oil supplements, angina pectoris, diabetes, and hypertension
dModel 2 included variables in model 1 and intake of α-LA
https://doi.org/10.1371/journal.pone.0190262.t003




Stratum 1 Stratum 2 Stratum 3
(age 50–65 y) (age 55–70 y) (age 60–75 y)
MODEL 1c 1 REF REF REF
2 -0.34 (-0.9, 0.3) -0.21 (-1.0, 0.6) -0.66 (-1.6, 0.3)
3 0.18 (-0.5, 0.9) 0.01 (-0.9, 0.9) -0.51 (-1.5, 0.5)
MODEL 2d 1 REF REF REF
2 -0.26 (-0.9, 0.3) -0.22 (-1.0, 0.6) -0.41 (-1.3, 0.5)
3 0.27 (-0.4, 1.0) -0.07 (-1.0, 0.9) -0.10 (-1.2, 1.0)
Risk of AF is given by age-specific cumulative risk differences (RD in %) with 95% CI in parentheses
aTertiles of intake of n-6 LC-PUFAs (AA)
Category boundaries for the tertiles, T1-T3 (g/d):
Stratum 1, T1(0–0.08) T2(0.08–0.12) T3(0.12–0.75)
Stratum 2, T1(0–0.08) T2(0.08–0.12) T3(0.12–0.81)
Stratum 3, Stratum 3, T1(0–0.08) T2(0.08–0.12) T3(0.12–0.90)
bStratum 1, 2 and 3 were defined by baseline age tertiles
cModel 1 included baseline age, sex, BMI, waist circumference, alcohol intake, smoking, fish oil supplements, angina pectoris, diabetes, and hypertension
dModel 2 included variables in model 1 and intake of LA
https://doi.org/10.1371/journal.pone.0190262.t004
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Discussion
This study indicated no association between intake of n-3 and n-6 LC-PUFAs and risk of inci-
dent AF. The findings were consistent for all strata for both n-3 and n-6 LC-PUFAs measured
as primary exposures and for the analyses of potential interaction between them.
Selection at recruitment (35% participation, Fig 1) is unlikely to have affected the findings
of this association analysis as we expect the mechanisms of action of the dietary LC-PUFAs to
be unaffected by potential selection of the participants at enrolment. Selection bias during fol-
low-up is also unlikely to have affected the analyses since it was explicitly tested, as a part of the
model control, if participants administratively censored during follow-up were different in
terms of event risk or covariate distribution compared with the corresponding participants
remaining in the study. The analysis was designed in order to avoid this, thereby minimizing
Table 5. N-3 and n-6 LC-PUFAs and risk of AF.
STRATAa
Stratum 1 (age 50–65 y) Stratum 2 (age 55–70 y) Stratum 3 (age 60–75 y)
n-6 LC-PUFA tertiles n-6 LC-PUFA tertiles n-6 LC-PUFA tertiles
1 2 3 1 2 3 1 2 3
n-3 LC-PUFA
tertiles








































































Risk of AF is given by age-specific cumulative risk differences (RD in %) with 95% CI in parentheses. With boldface is given estimates of interaction
assessed as deviation from additivity of the RDs as explained in detail in the main text. The estimates were adjusted for baseline age, sex, BMI, waist
circumference, alcohol intake, smoking, fish oil supplements, angina pectoris, diabetes, hypertension, and intake of α-LA and LA
aThe strata were defined by baseline age tertiles. For each stratum cumulative risk is indicated for is measured in strata-specific 15 years age frames (given
in parentheses)
https://doi.org/10.1371/journal.pone.0190262.t005
Table 6. Absolute risks for a female and male reference individuals.
Sex STRATAa
Stratum 1 Stratum 2 Stratum 3
(age 50–65 y) (age 55–70 y) (age 60–75 y)
Female 1.02 (0.2, 1.9) 1.31 (0.2, 2.4) 4.24 (2.9, 5.6)
Male 3.74 (2.7, 4.8) 5.14 (3.8, 6.5) 7.64 (6.0, 9.2)
Absolute cumulative risks in strata-specific 15 years age frames with 95% CIs in parentheses.
Characteristics for reference individuals were: Median age (age 51.8, 56, 61.8 years in stratum 1, 2, and 3),
median intake of α-LA and LA, lowest PUFA intake tertiles, no smoking, no intake of fish oil capsules, no
comorbidity, BMI at 25. Sex specific reference values: Waist circumference at 80 cm (women) and 94 cm
(men). An alcohol intake at 12 g/day (women) and 24 g/d (men). For BMI, waist circumference and alcohol
intake the reference values are given by the maximum limit recommended by The Danish Health Authority
aThe strata were defined by baseline age tertiles. For each stratum cumulative risk is indicated for strata-
specific 15 years age frames (given in parentheses)
https://doi.org/10.1371/journal.pone.0190262.t006
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this source to potential selection problems during follow-up. Random measurement error
could not be fully avoided as the exposure and covariate assessments relied on self-reported
information from FFQs. Modeling the exposure as a categorical variable (i.e. as tertiles) could
have led to information problems in terms of categorizing the participants to wrong exposure
groups. As it seemed unlikely that these sources of potential misclassification would be related
to the future diagnosis of AF, a true association could have been concealed due to a bias
towards the null hypothesis. Information problems in connection with an AF diagnosis are
not likely as this information was obtained by linkage of civil registration numbers with the
Danish National Patient Registry. The diagnoses have previously been validated with a positive
predictive value above 92% [28]. The presence of residual confounding, either as a conse-
quence of the self-reported information on covariates or because of risk factors not taken into
account, cannot be ruled out. We did not include data on physical activity in these analyses.
AF has only been associated with extreme physical activity [4] and as it was uncommon in
Denmark in the 1990ties that people aged 50–65 years practiced extreme sports, we assess this
potential confounder to be of minor concern. Overall, the impact of the adjustment for poten-
tial confounding was weak.
Our findings of no association between intake of n-3 LC-PUFAs and AF risk are consistent
with the majority of the previous studies of dietary intake of n-3 LC-PUFAs [16–19, 21]. These
studies do not support the findings of Mozaffarian et al. [15] based on a cohort study with 980
incident cases among 4815 men and women (> 65 years of age) followed for 12 years. They
reported an inverse association between the intake of fish (baked or boiled) and risk of inci-
dent AF, but did not find any associations between the intake of fried fish and AF. However,
our exposure assessment was not identical as we recalculated the FFQ information to PUFA
intake (g/d) in contrast to weekly number of servings and also, we did not stratify on cooking
method. Our findings also contradict the findings of a cohort study (3284 incident AF cases)
by Rix et al. [20] reporting a U-shaped association between intake of n-3 LC-PUFA and AF
with the lowest risk near the median intake of n-3 LC-PUFA (630 mg/day). This study was
based on the same cohort data as ours but different analysis designs interfere with the compa-
rability. A major difference was that our outcome definition was restricted to AF without prior
diagnoses of myocardial infarction and heart failure. To our knowledge, no studies have inves-
tigated n-3 LC-PUFAs and AF taking into account potential biological interaction with n-6
LC-PUFAs.
We designed this study with focus on the metabolism of the PUFAs. One aspect was the
analyses of potential interaction between n-3 and n-6 LC-PUFAs. Another aspect was to take
the potential endogenous contribution of LC-PUFAs into account. This was addressed by
adjusting for intake of α-LA and LA as an attempt to rule out a potential effect from this source
of LC-PUFAs. This may have been a too simplified solution, as the individual conversion of α-
LA and LA to their LC-PUFA derivatives is affected by factors other than the intake of sub-
strate, e.g. intake of other fatty acids and genetics, implying individual pathway efficiency [29–
34]. Although the general consensus is that the conversion of C18 PUFAs to the LC-PUFAs is
poor [35, 36], which is often the argument for not taking α-LA and LA into further consider-
ation, it may still be relevant to look further into this in future studies. This was also suggested
by Madden et al. with regard to the genetic polymorphisms involved in the PUFA conversion
pathway [37]. The n-6 PUFA substrate, LA, is the most abundant dietary PUFA, and the die-
tary intake of AA is very limited. Consequently, the dietary substrate-product ratio (LA:AA) is
high. Thus, even for limited conversion percentages, the endogenous contribution could be
relatively large compared with the direct dietary intake of n-6 LC-PUFA. Considering n-3
PUFAs, the substrate-product ratio (α-LA:EPA) is not as large as in the n-6 PUFA family.
However, in cases of low n-3 LC-PUFA intake and high α-LA intake (e.g. a vegetarian diet rich
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in walnuts, canola oil or flaxseed oil), the endogenous contribution can be substantial. In
future FFQ-based studies, it could be relevant to identify the factors that affect the conversion
(genetic variation, product- and feedback inhibition, competing substrate), and either estimate
the endogenous contribution or model the factors as interacting terms in the analyses.
There is an ongoing discussion about whether the underlying statistical model should be
additive or if relative measures from a multiplicative model are useful for evaluation of biologi-
cal interaction, e.g. by use of Relative Excess Risk due to Interaction (RERI) as summary analy-
sis [38–42]. Here we analyzed the biologically substantiated interaction between n-3 and n-6
LC-PUFAs on an additive risk scale as deviation from additivity of risk differences [43]. For
that purpose, we used a relatively new statistical tool, the pseudo-observation method [44, 45]
which is an alternative to, for example, Cox regression in terms of analyzing time-to-event
data. In contrast to Cox regression, the pseudo-observation method makes it possible to
choose between relative and absolute measures of association, hence it enables an assessment
of potential interaction on an additive risk scale which is most important from a public health
point of view.
In conclusion, despite the limitations mentioned above, this study showed a consistent lack
of association in all strata, pointing at no clinically relevant influence of intake of LC-PUFAs
on the development of AF in a target Western population represented by the Danish Diet,
Cancer and Health study population.
Supporting information
S1 Table. Summary of follow-up outcomes and follow-up time shown for each strata.
(DOCX)
Author Contributions
Conceptualization: Lotte Maxild Mortensen, Kim Overvad.
Data curation: Anne Tjønneland, Kim Overvad.
Formal analysis: Lotte Maxild Mortensen.
Methodology: Lotte Maxild Mortensen, Erik T. Parner.
Project administration: Lotte Maxild Mortensen.
Resources: Anne Tjønneland, Kim Overvad.
Supervision: Søren Lundbye-Christensen, Erik Berg Schmidt, Philip C. Calder, Mikkel Heide
Schierup, Erik T. Parner, Kim Overvad.
Writing – original draft: Lotte Maxild Mortensen.
Writing – review & editing: Lotte Maxild Mortensen, Søren Lundbye-Christensen, Erik Berg
Schmidt, Philip C. Calder, Mikkel Heide Schierup, Erik T. Parner, Kim Overvad.
References
1. Fuster V, Ryden LE, Cannom DS, Crijns HJ, Curtis AB, Ellenbogen KA, et al. 2011 ACCF/AHA/HRS
focused updates incorporated into the ACC/AHA/ESC 2006 guidelines for the management of patients
with atrial fibrillation: a report of the American College of Cardiology Foundation/American Heart Associ-
ation Task Force on practice guidelines. Circulation. 2011; 123(10):e269–367. https://doi.org/10.1161/
CIR.0b013e318214876d PMID: 21382897.
2. Estes NA III, Sacco RL, Al-Khatib SM, Ellinor PT, Bezanson J, Alonso A, et al. American Heart Associa-
tion atrial fibrillation research summit: a conference report from the American Heart Association. Circu-
lation. 2011; 124(3):363–72. https://doi.org/10.1161/CIR.0b013e318224b037 PMID: 21709057
Dietary n-3 and n-6 polyunsaturated fatty acids and risk of atrial fibrillation
PLOS ONE | https://doi.org/10.1371/journal.pone.0190262 December 22, 2017 10 / 12
3. Thrall G, Lane D, Carroll D, Lip GY. Quality of life in patients with atrial fibrillation: a systematic review.
The American journal of medicine. 2006; 119(5):448 e1–19. Epub 2006/05/03. https://doi.org/10.1016/j.
amjmed.2005.10.057 PMID: 16651058.
4. Menezes AR, Lavie CJ, DiNicolantonio JJ, O’Keefe J, Morin DP, Khatib S, et al. Atrial fibrillation in the
21st century: a current understanding of risk factors and primary prevention strategies. Mayo Clin Proc.
2013; 88(4):394–409. https://doi.org/10.1016/j.mayocp.2013.01.022 PMID: 23541013.
5. Aviles RJ, Martin DO, Apperson-Hansen C, Houghtaling PL, Rautaharju P, Kronmal RA, et al. Inflam-
mation as a risk factor for atrial fibrillation. Circulation. 2003; 108(24):3006–10. https://doi.org/10.1161/
01.CIR.0000103131.70301.4F PMID: 14623805
6. Chung MK, Martin DO, Sprecher D, Wazni O, Kanderian A, Carnes CA, et al. C-reactive protein eleva-
tion in patients with atrial arrhythmias: inflammatory mechanisms and persistence of atrial fibrillation.
Circulation. 2001; 104(24):2886–91. PMID: 11739301
7. Sata N, Hamada N, Horinouchi T, Amitani S, Yamashita T, Moriyama Y, et al. C-reactive protein and
atrial fibrillation. Is inflammation a consequence or a cause of atrial fibrillation? Jpn Heart J. 2004; 45
(3):441–5. PMID: 15240964.
8. Wu N, Xu B, Xiang Y, Wu L, Zhang Y, Ma X, et al. Association of inflammatory factors with occurrence
and recurrence of atrial fibrillation: a meta-analysis. Int J Cardiol. 2013; 169(1):62–72. https://doi.org/
10.1016/j.ijcard.2013.08.078 PMID: 24095158.
9. Sprecher H. Metabolism of highly unsaturated n-3 and n-6 fatty acids. Biochimica et biophysica acta.
2000; 1486(2–3):219–31. PMID: 10903473.
10. Spector AA. Essentiality of fatty acids. Lipids. 1999; 34 Suppl:S1–3. PMID: 10419080.
11. Wada M, DeLong CJ, Hong YH, Rieke CJ, Song I, Sidhu RS, et al. Enzymes and receptors of prosta-
glandin pathways with arachidonic acid-derived versus eicosapentaenoic acid-derived substrates and
products. JBiolChem. 2007; 282(31):22254–66.
12. Calder PC. Omega-3 fatty acids and inflammatory processes. Nutrients. 2010; 2(3):355–74. https://doi.
org/10.3390/nu2030355 PMID: 22254027
13. Billman GE. The effects of omega-3 polyunsaturated fatty acids on cardiac rhythm: a critical reassess-
ment. Pharmacol Ther. 2013; 140(1):53–80. https://doi.org/10.1016/j.pharmthera.2013.05.011 PMID:
23735203.
14. Rix TA, Mortensen LM, Schmidt EB. Fish, Marine n-3 Fatty Acids, and Atrial Fibrillation—Experimental
Data and Clinical Effects. Front Physiol. 2012; 3:152. https://doi.org/10.3389/fphys.2012.00152 PMID:
22654766
15. Mozaffarian D, Psaty BM, Rimm EB, Lemaitre RN, Burke GL, Lyles MF, et al. Fish intake and risk of inci-
dent atrial fibrillation. Circulation. 2004; 110(4):368–73. Epub 2004/07/21. https://doi.org/10.1161/01.
CIR.0000138154.00779.A5 PMID: 15262826
16. Brouwer IA, Heeringa J, Geleijnse JM, Zock PL, Witteman JC. Intake of very long-chain n-3 fatty acids
from fish and incidence of atrial fibrillation. The Rotterdam Study. Am Heart J. 2006; 151(4):857–62.
https://doi.org/10.1016/j.ahj.2005.07.029 PMID: 16569549.
17. Berry JD, Prineas RJ, van Horn L, Passman R, Larson J, Goldberger J, et al. Dietary fish intake and inci-
dent atrial fibrillation (from the Women’s Health Initiative). Am J Cardiol. 2010; 105(6):844–8. https://doi.
org/10.1016/j.amjcard.2009.11.039 PMID: 20211329
18. Shen J, Johnson VM, Sullivan LM, Jacques PF, Magnani JW, Lubitz SA, et al. Dietary factors and inci-
dent atrial fibrillation: the Framingham Heart Study. The American journal of clinical nutrition. 2011; 93
(2):261–6. https://doi.org/10.3945/ajcn.110.001305 PMID: 21106919
19. Gronroos NN, Chamberlain AM, Folsom AR, Soliman EZ, Agarwal SK, Nettleton JA, et al. Fish, fish-derived
n-3 fatty acids, and risk of incident atrial fibrillation in the Atherosclerosis Risk in Communities (ARIC) study.
PLoS One. 2012; 7(5):e36686. https://doi.org/10.1371/journal.pone.0036686 PMID: 22570739
20. Rix TA, Joensen AM, Riahi S, Lundbye-Christensen S, Tjonneland A, Schmidt EB, et al. A U-shaped
association between consumption of marine n-3 fatty acids and development of atrial fibrillation/atrial
flutter—a Danish cohort study. Europace: European pacing, arrhythmias, and cardiac electrophysiol-
ogy: journal of the working groups on cardiac pacing, arrhythmias, and cardiac cellular electrophysiol-
ogy of the European Society of Cardiology. 2014. Epub 2014/02/28. https://doi.org/10.1093/europace/
euu019 PMID: 24574493.
21. Larsson SC, Wolk A. Fish, long-chain omega-3 polyunsaturated fatty acid intake and incidence of atrial
fibrillation: A pooled analysis of two prospective studies. Clin Nutr. 2017; 36(2):537–41. https://doi.org/
10.1016/j.clnu.2016.01.019 PMID: 26875446.
22. Al-Khudairy L, Hartley L, Clar C, Flowers N, Hooper L, Rees K. Omega 6 fatty acids for the primary pre-
vention of cardiovascular disease. Cochrane Database Syst Rev. 2015; 11:CD011094. https://doi.org/
10.1002/14651858.CD011094.pub2 PMID: 26571451.
Dietary n-3 and n-6 polyunsaturated fatty acids and risk of atrial fibrillation
PLOS ONE | https://doi.org/10.1371/journal.pone.0190262 December 22, 2017 11 / 12
23. Tjonneland A, Olsen A, Boll K, Stripp C, Christensen J, Engholm G, et al. Study design, exposure vari-
ables, and socioeconomic determinants of participation in Diet, Cancer and Health: a population-based
prospective cohort study of 57,053 men and women in Denmark. ScandJPublic Health. 2007; 35
(4):432–41.
24. Lauritsen J. FoodCalc. http://www.ibt.ku.dk/jesper/foodcalc/.
25. Overgaard M, Andersen PK, Parner ET. Regression analysis of censored data using pseudo-observa-
tions: An update. Stata J. 2015; 15(3):809–21.
26. Harrell FE. Regression modeling strategies: with applications to linear models, logistic regression, and
survival analysis. Regression modeling strategies: with applications to linear models, logistic regres-
sion, and survival analysis. Springer Series in Statistics New York: Springer; 2001. p. 53–85.
27. StataCorp. Stata Statistical Software: Release 13. College Station, TX: StataCorp LP. 2013.
28. Rix TA, Riahi S, Overvad K, Lundbye-Christensen S, Schmidt EB, Joensen AM. Validity of the diagno-
ses atrial fibrillation and atrial flutter in a Danish patient registry. ScandCardiovascJ. 2012; 46(3):149–
53.
29. Malerba G, Schaeffer L, Xumerle L, Klopp N, Trabetti E, Biscuola M, et al. SNPs of the FADS gene clus-
ter are associated with polyunsaturated fatty acids in a cohort of patients with cardiovascular disease.
Lipids. 2008; 43(4):289–99. https://doi.org/10.1007/s11745-008-3158-5 PMID: 18320251
30. Schaeffer L, Gohlke H, Muller M, Heid IM, Palmer LJ, Kompauer I, et al. Common genetic variants of
the FADS1 FADS2 gene cluster and their reconstructed haplotypes are associated with the fatty acid
composition in phospholipids. HumMolGenet. 2006; 15(11):1745–56.
31. Wood KE, Lau A, Mantzioris E, Gibson RA, Ramsden CE, Muhlhausler BS. A low omega-6 polyunsatu-
rated fatty acid (n-6 PUFA) diet increases omega-3 (n-3) long chain PUFA status in plasma phospholip-
ids in humans. Prostaglandins, leukotrienes, and essential fatty acids. 2014; 90(4):133–8. Epub 2014/
01/25. https://doi.org/10.1016/j.plefa.2013.12.010 PMID: 24456663.
32. Wood KE, Mantzioris E, Gibson RA, Ramsden CE, Muhlhausler BS. The effect of modifying dietary LA
and ALA intakes on omega-3 long chain polyunsaturated fatty acid (n-3 LCPUFA) status in human
adults: A systematic review and commentary. Prostaglandins, leukotrienes, and essential fatty acids.
2015; 95:47–55. Epub 2015/02/18. https://doi.org/10.1016/j.plefa.2015.01.001 PMID: 25687496.
33. Nakamura MT, Nara TY. Structure, function, and dietary regulation of delta6, delta5, and delta9 desa-
turases. AnnuRevNutr. 2004; 24:345–76.
34. Ralston JC, Matravadia S, Gaudio N, Holloway GP, Mutch DM. Polyunsaturated fatty acid regulation of
adipocyte FADS1 and FADS2 expression and function. Obesity (Silver Spring). 2015; 23(4):725–8.
https://doi.org/10.1002/oby.21035 PMID: 25755223.
35. De CR. n-3 fatty acids in cardiovascular disease. NEnglJMed. 2011; 364(25):2439–50.
36. Mozaffarian D, Wu JH. Omega-3 Fatty acids and cardiovascular disease: effects on risk factors, molec-
ular pathways, and clinical events. JAmCollCardiol. 2011; 58(20):2047–67.
37. Madden J, Williams CM, Calder PC, Lietz G, Miles EA, Cordell H, et al. The impact of common gene
variants on the response of biomarkers of cardiovascular disease (CVD) risk to increased fish oil fatty
acids intakes. AnnuRevNutr. 2011; 31:203–34.
38. Andersen PK, Skrondal A. A competing risks approach to "biologic" interaction. Lifetime Data Anal.
2015; 21(2):300–14. https://doi.org/10.1007/s10985-015-9318-z PMID: 25613424.
39. Ahlbom A, Alfredsson L. Interaction: A word with two meanings creates confusion. European journal of
epidemiology. 2005; 20(7):563–4. Epub 2005/08/27. PMID: 16119427.
40. Rothman KJ, Greenland S, Walker AM. Concepts of interaction. Am J Epidemiol. 1980; 112(4):467–70.
PMID: 7424895.
41. Bellavia A, Bottai M, Orsini N. Evaluating Additive Interaction Using Survival Percentiles. Epidemiology.
2016; 27(3):360–4. https://doi.org/10.1097/EDE.0000000000000449 PMID: 26829157
42. VanderWeele TJ. On the distinction between interaction and effect modification. Epidemiology. 2009;
20(6):863–71. https://doi.org/10.1097/EDE.0b013e3181ba333c PMID: 19806059.
43. Greenland S LT, Rothman KJ. Concepts of Interaction. Modern Epidemiology. 3rd ed. Philadelphia,
USA: Lippincott, Williams & Wilkins; 2008. p. 71–83.
44. Parner ET, Andersen PK. Regression analysis of censored data using pseudo-observations. Stata J.
2010; 10(3):408–22.
45. Andersen PK, Perme MP. Pseudo-observations in survival analysis. Statistical methods in medical
research. 2010; 19(1):71–99. Epub 2009/08/06. https://doi.org/10.1177/0962280209105020 PMID:
19654170.
Dietary n-3 and n-6 polyunsaturated fatty acids and risk of atrial fibrillation
PLOS ONE | https://doi.org/10.1371/journal.pone.0190262 December 22, 2017 12 / 12
